Abstract. Circulating tumor cells (CTCs) are able to predict outcome in patients with breast, colon and prostate cancer and appear to be promising biomarkers of pancreatic carcinoma. The aim of the present study was to demonstrate a statistically significant portal-arterial difference of CTCs during curative resection of periampullary cancer. A commercially available instrument (Isoflux R ) was used to quantify blood content of CTC in 10 patients with periampullary cancer according to preoperative diagnostics. Portal and arterial blood samples (~8 ml each) were simultaneously collected intra-operatively following surgical dissection prior to division of the pancreas for tumor removal. Quantitative CTC analyses were performed according to standardized protocols for immune-magnetic enrichment of CTC. Flow cytometry was applied for qualitative evaluations of various CTC markers in 7 patients. There was a statistically significant difference in the number of CTCs collected in the portal blood [58±14 cells per 100 ml; mean ± standard error (SE)] vs. arterial blood [24±7 cells per 100 ml (SE), P<0.025]. A fractional uptake of ≥40% across liver and lung compartments of assumed malignant CTC was estimated to correspond to the appearance of ~410 tumor cells per minute during pancreatic resections based on estimated hepatic blood flow, measured tumor cell mass and tumor cell proliferation activity. Complications in the collection of portal blood were not observed. A significant uptake across liver or lung compartments of potentially malignant tumor CTCs from periampullary carcinoma may represent a model to capture, define and characterize cell clones with metastatic potential in liver and lung tissues following surgical resection.
Introduction
Pancreatic related cancer is the ninth most common cancer in Western Europe and the fifth common cause of death from cancer (1) . The estimated overall 5-year survival in ductal pancreatic carcinoma is less than 5 per cent (2) . Hence, there is need for therapy improvements and to understand mechanisms behind metastases to improve postoperative survival of patients with periampullary cancer, since circulating tumor cells (CTC) in patients with gastrointestinal carcinomas are assumed to enter the portal circulation as an initial phase of the metastatic process (3, 4) . Previous research has indicated numbers of CTC in blood to predict disease prognoses in breast, colon and prostate carcinomas (5-7). There are also indications that CTC may have prognostic value in patients with pancreatic cancer (8) (9) (10) , suggesting the existence of CTC subgroups with aggressively metastasizing phenotypes (11, 12) , where increased CTC numbers in portal blood predict liver metastases and reduced survival in pancreatic carcinoma (13, 14) , and colorectal cancer (15) . However, the nature of CTC may be elusive, since cytological characteristics imply similar CTC in both benign and malignant diagnosis (16) . Identification and analyses of CTC may despite such uncertainties contribute to facilitate diagnosis; estimate prognosis and better understand the biology of metastases of periampullary carcinoma. Therefore, the aim of the present study was to evaluate methodological possibilities to confirm a statistically significant fractional uptake of CTC across liver-lung compartments during tumor resections aimed at cure in limited number of patients, as a future model for isolation of CTC clones retained across hepatico-lung compartments during surgery.
Materials and methods
Patients and tumor tissues. Patients (n=17) were included when referred to the Department of Surgery at Sahlgrenska University Hospital and scheduled for pancreatic-duodenal surgery aimed at cure (Whipples operation or total pancreatectomy) due to assumed ductal pancreatic carcinoma or periampullary cancer according to preoperative examinations (Table I) . Arterial-portal blood samples from 10 cancer patients were analyzed by Isoflux R to detect and count CTC. Blood samples from additional 7 cancer patients were analyzed by flowcytometry (FACS) to evaluate the occurrence of various CTC markers in cancer patients with periampullary tumors. Body weight [73.8±16 kg, standard deviation (SD)] and length (173±7 cm, SD) were recorded before operations and used in estimations of liver blood flow compared to expected normal values (1.4-1.5 l/min/1.73 m 2 body surface area) (17) . All patients were stable during operations; the mean blood loss was 750±290 ml (SD) and the mean operation time was 359±56 min (SD). None of the patients received blood transfusion during operation.
Certified pathologists evaluated tissue biopsy specimens. Postoperative histopathology confirmed 13 adenocarcinomas of the pancreas, 2 bile duct cancers and 2 duodenal cancers. Bile duct cancers are sometimes hard to differentiate from pancreatic carcinoma and may have similar tumor biology. Duodenal cancers may be more diverse perhaps with different characteristics compared to pancreatic adenocarcinoma. Histopathology and the specific origin of periampullary cancer is usually not known until after operations. This explains why our study group represents a mix of different tumors; however, all with epithelial upper gastro-intestinal origin.
Ki-67 analyses (in percent) were performed on resected tumor tissue to achieve estimates of proliferation activity among tumor cells in representative tumor tissue specimens. Tumor tissue mass in the entire resected material was estimated for measurements of tumor volume in three appropriate directions assuming that one cm 3 tissue corresponded to one gram wet tissue weight; and that 1 mg tumor tissue wet weight contained approximately 10 6 cells (18), perhaps variable among different kind of tumors (19) . The average proportion of tumor cells in tumor tissue was confirmed to be at least 50% including viability proportion around 80% based on microscopy. These estimates are used in our attempts to consider flux aspects of blood concentrations of CTC numbers (Discussion).
Blood sampling and CTC analyses. Blood samples were collected after surgical dissections before the removal of the tumor. Blood sampling was performed by direct puncture of the portal vein simultaneously with arterial blood sampling through a catheter in the radial artery inserted before the start of the operation. Complications were not observed related to collection of portal blood in any patient.
Quantification of CTC was performed by commercially available equipment (Isoflux R ; Westburg-Fluxion Bioscience Amsterdam, Holland), while qualitative CTC analyses were performed by an in-house Flow cytometric method (FACS), which, however, did not allow quantification of CTC in blood. Samples for Isoflux measurements were from females (60%) and males (40%), while samples for FACS were 43 and 57% from females and males, respectively (Table I ). Blood samples were collected in 10 ml syringes (~8 ml) and transferred to special tubes for cell separation (BD Vacutainer CPT sodium heparin/Ficoll). Duplicate samples were collected to confirm that freezing of blood samples before flow cytometric analyses was appropriate. Peripheral venous blood samples were obtained from healthy blood donors for FACS (n=10) analyses.
Blood samples were centrifuged for 20 min in room temperature at 1,800 x g in a swing-out centrifuge. Cell layer and plasma were transferred to a new tube and washed twice with RPMI (RPMI-1640; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), at 300 x g for 10 min at room temperature. Cell pellets were immediately used for downstream Isoflux analyses. Blood samples for FACS analyses were frozen; cell pellets were resuspended in 400 µl fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), transferred to a cryo tube and diluted with 400 µl of 50% FBS, 30% RPMI, 20% DMSO (Gibco; Thermo Fisher Scientific, Inc./Lonza Group, Ltd., Basel, Switzerland/VWR International GmbH, Darmstadt, Germany). Samples were contained in -80˚C until use. Frozen cell samples were washed twice with RPMI, centrifuged at 300 x g for 5 min at room temperatures before downstream analysis by FACS.
Immune-magnetic enrichment of CTCs with isoflux.
Immune-magnetic enrichment with Isoflux is a system, where CTC of epithelial origin are captured with different antibodies. The CTC isolation is accomplished with immune-magnetic beads linked to antibodies added to the blood sample targeting markers on the cell surface of the CTC. Through a magnetic field the CTC are then separated from the other blood cells. We used epithelial cellular adhesion molecule (EpCAM) and cytokeratin (CK-7, -8, -18, -19) antibodies for CTC capture and detection by Isoflux; and cluster of differentiation 45 (CD45) antibodies to identify leukocytes. Isoflux has been validated for CTC measurements in cancer patients (20, 21) . A similar method for CTC enumeration and one of most utilized worldwide is the CellSearch R system, which applies EpCAM+, CKs+ (CK-8, -18, -19) and CD45-as standard for CTC detection in breast, colorectal or prostate cancer (22) . A difference between Isoflux R and CellSearch R is the use of CK-7 for enrichment of CTC, which seems to be important in periampullary cancer (23) also suggested by the present study (Tables II and IV) .
Blood samples from 10 cancer patients were run according to the protocol for the Isoflux equipment provided by the manufacturer (CTC Enrichment kit 630-0124, revision B; Fluxion Biosciences, Alameda, CA, USA). Briefly, cell pellets were immediately resuspended in 200 µl RPMI and Fc blocking was added. CTC beads (pre-labeled with EpCAM antibody) were prepared and cell solution transferred to the CTC bead solution. The tubes were rinsed with 300 µl binding solution transferred to the bead+CTC solution and incubated for at least 1 h at rotation in 4˚C. The Isoflux instrument was primed and samples were run according to the protocol for CTC enrichment (version 2; Fluxion Biosciences). Enriched cells were collected in a holder. Collected cells were immediately diluted in binding buffer and enumeration was performed according to Circulating Tumor Cell Enumeration kit (630-0126, revision A; Fluxion Biosciences). Hoechst 33342 dye, anti-CD45+Cy3 and FITC-conjugated anti-Cytokeratin (CK-7, -8, -18 and -19) were used to identify cells, which were counted in a fluorescence microscope (Nikon Eclipse E400; Nikon Corporation, Tokyo, Japan). Cells showing Hoechst+/CD45-/CKs+ staining were regarded as CTC (not shown).
CTC detection by flow cytometry. Each blood sample was divided into 18 different tubes with two different antibodies added to each tube. The total blood volume could not be analyzed together with all antibodies simultaneously, which may fail to identify CTC in tubes without appropriate 
Results
Immune-magnetic enrichment of CTC by Isoflux R . Portal and arterial blood samples were analyzed in 10 patients with Immune-magnetic enrichment with Isoflux. Ten patients showed between 0 and 5 CTC in arterial blood and between 0 and 10 CTC in portal blood. Seven patients showed CTC in both portal and arterial blood, while two patients showed no CTC in either portal or arterial blood. In one patient CTC was detected in portal blood, but not in arterial blood. Corresponding tissue analyses showed no signs of tumor dissemination to regional lymph nodes in CTC negative patients (Tables I and II) . The amount of CTC was significantly higher in portal blood [58±14 per 100 ml, (SE)] compared to arterial blood [24±7 per 100 ml, (SE)] equivalent to a fractional uptake of at least 40% across liver-and lung compartments in patients with periampullary tumors (P<0.05; Table III ). Proliferation Ki-67 index was 17.8±5.6% (SE) in the tumors (Table III) . Flow cytometry. Portal and arterial blood were evaluated in 7 cancer patients with FACS. All these patients were positive to MIC-A and EpCAM, in both portal and arterial blood. All patients except one were also positive or weakly positive to CD133 (Table IV) . Corresponding histopathology showed tumor dissemination to regional lymph nodes (Table I) .
Overall the combination of Isoflux and FACS measurements indicated that present enrichments of CTC from blood were based on highly specific epitopes (cell markers), while our subsequent quantification markers may have been less than optimal. None of our 10 healthy blood donors were positive to any of the markers in FACS analyses (not shown).
Discussion
The importance of CTC detection has deserved great interest as a possibility to collect liquid tissue samples from patients where direct tissue sampling is difficult. CTC are, however, extremely rare compared to the number of other blood cells, which makes them difficult to identify, count and analyze (24) . The validity and relevance of achieved information is thus dependent on the specificity of the markers suggested to be representative for CTC from different tissue origin in a certain condition; i.e., disease stage, treatments etc. In the present investigation CTC were detected by FACS analyses in all investigated blood samples from our cancer patients, positive to EpCAM, MIC-A and CD133, with high specificity, since all individuals in a normal group of blood donors were negative to all applied markers. A combination of markers in a panel may then be recommended in future studies on pancreatic carcinoma. Our FACS analyses confirmed that our applied and fixed markers in the Isoflux platform for immunomagnetic enrichments of CTC were appropriate for quantitative estimates of CTC in the present methodological evaluation.
EpCAM is a protein in the membrane surrounding epithelial cells, contributing to cell adhesion. Epithelial cells are normally not found in the blood circulation. Therefore, EpCAM are considered specific for CTC, since blood cells do not express EpCAM (25) . A problem with epithelial-based methods for CTC detection may be epithelial to mesenchymal transition (EMT), since EpCAM may not be expressed at cell surface of CTC when EMT occurs. There is increasing evidence, that EMT is important for increased aggressiveness, metastatic potential and drug resistance in cancers of epithelial origin, including pancreatic cancer (26) (27) (28) . Thus, EMT may explain falsely low numbers of CTC detected by the Isoflux system in patients. Another circumstance may be that CTC are detected by CK-7, -8, -18, and -19 in the Isoflux system. Cytokeratin antibodies -18, -19 were applied in our FACS analyses, but found to be negative in most of the samples (Table IV) , perhaps due to down regulation of epithelial markers in EMT (29); or to less than standardized methods and optimal biomarkers for CTC detection in pancreatic cancer, although the presence of CK-7 in Isoflux enrichment may be compensatory (8, 23) . However, significant differences in numbers of cells between portal and arterial blood from the same patients should be less hampered by the use of less than optimal markers, although marker combinations with high sensitivity and specificity should always be strived for in future studies. CTC in portal blood from patients with pancreatic cancer has been reported earlier (30, 31) . With the use of a CellSearch R system, a cutoff amount of 5 CTC or more is utilized to define results as significantly above blank levels, in patients with breast and prostate cancer (32, 33) , while there is no agreed cut-off level in patients with pancreatic cancer. Again, simultaneous measurements of CTC in portal and arterial blood should make the level of blank cut off levels less critical, but may impact the sensitivity to determine statistical differences in fractional uptake across blood compartments.
False positive results using epithelial markers of CTC are well-recognized in the literature, since antibodies designed for epithelial cells occasionally may stain both hematopoietic and plasma cells (34) . Also, non-malignant cells with EpCAM+, CK+ and CD 45-may appear in the circulation of individuals with benign conditions such as inflammation and intestinal polyps (35) expression is increased, including pancreatic cancer, and correlate with the extent of tumor burden (36, 37) . CD133 is a trans-membrane glycoprotein expressed on the cell surface and found on ductal cells of pancreatic tumors. In earlier studies CD133 expression was significantly associated with lymphatic metastasis and prognosis in pancreatic cancer (38) . CD133 is regarded a cancer stem cell marker with evidence that CD133 expression contributes to EMT induction and metastasis in pancreatic cancer (39, 40) . Thus, optimal combinations of markers for detection and counting of CTC in portal and arterial blood from periampullary cancers remain to be determined.
With all possible limitations in mind we confirmed a statistically significant difference in the amount of CTC in portal-vs. arterial blood with the Isoflux method in a limited number of patients at surgery aimed at cure. This difference indicates that more tumor cells appeared in the portal circulation compared with the level of tumor cells in the arterial compartment where cells are considered to immediate and complete mixing; i.e., the same number of cells in any simultaneously collected arterial blood sample within the body. A portal-arterial difference indicates that CTC appear either from the tumors, as expected, or from any other tissue in the splanchnic bed; or that tumor cells disappear from the circulation across liver-lung compartments; a potential trap for subsequent metastases. This represents a different concept compared to measurements of portal-venous differences (13, 15, 30) , which include a variety of additional tissues as muscles, nerves, bone-marrow among others, that may provide CTC with different tissue origins. CTC are extremely rare in blood compared to other cells, but in a surgical perspective it may be that time course of CTC appearance in portal blood should predict the intra-and perioperative risk for establishments of hepatic metastases particularly. Therefore, it was interesting to estimate how CTC related to tumor burden. An estimated and assumed average portal blood flow around 1,208 ml/min (17); a mean tumor weight of 26.6 g and a fractional level of at least 50% tumor cells, with 80% tumor cell viability (estimated by microscopy) in our tumor tissue specimens, would translate into a viable tumor cell burden in pancreas corresponding to 11 * 10 9 cells on average in our patients (26.6x10 9 x0.8x0.5), since a tumor reaching the size of 1 cm 3 (approximately 1 g wet weight) is usually estimated to contain around 10 9 cells (18, 19) . This would correspond to an implied appearance rate of 0.59 ). This implies a low release fraction rate of tumor cells and probably a low efficient process to support metastatic and systemic disease progression considering experimental evidence with less than 2% of injected tumor cells in experimental liver and lung metastases in mice following bolus and intravenously injected malignant cells (41) . Seen together our estimates suggest a risk fraction for metastases at the level of 0.00010% per day of all CTCs (0.00005x0.02). Thus, it seems that spread of periampullary cancer appears to be a low-efficient process, perhaps in agreement with others suggestion that pancreatic carcinoma has a total disease progression across 20 years, with only late clinical symptoms (42) . Our figures equal to a release of approximately 410 CTC per minute during surgical resection and tumor removal, which is a quite new perspective of the risk for per-operative spread during resections.
With above perspectives, it may also be interesting to consider the meaning of Ki-67 proliferation index; i.e., the number of proliferating viable cells in percent of all evaluated tumor cells. Then, the question is the rate unit? Assuming that 26.6±10 g of tumor mass with Ki-67 index of 17.8±5.6% (Table III) , corresponding to net tumor growth during 3 years is equal to 0.97 * 10 7 tumor cells per day (26.6x10 9 x0.8x0.5/3x365); which may suggest that the proliferation index has a time unit corresponding to at least 17 days, to be compared to a maximum release of tumor cells into the portal circulation of 0.59x10 6 cells per day [(0.97x10 7 +0.59x10 6 )/0.59x10 6 ]. This implies that cell cycle rates may be low in pancreatic malignant cells, perhaps in agreement with the lack of correlation between tumor volumes and the release of tumor cells into portal blood (Fig. 1) .
In conclusion, the present study applied a ready to use and commercially available instrument (Isoflux R ) to confirm a statistically significant fractional uptake of presumably malignant cells from periampullary tumors during surgical resections aimed at cure, assessed in a limited number of patients with pancreatic malignancy. This finding may represent a future surgical model to define and characterize tumor cells that disappear across hepatico-lung compartments, which may in part represent tumor clones with high metastatic potential during pancreatic resection. A next step should be to confirm that CTC, retained across the liver or lungs during a first circulation passage, are truly malignant originating from the gastro-intestinal solid tumor.
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